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Abstract 

Background:  Acer truncatum (purpleblow maple) is a woody tree species that produces seeds with high levels of 
valuable fatty acids (especially nervonic acid). The species is admired as a landscape plant with high developmental 
prospects and scientific research value. The A. truncatum chloroplast genome has recently been reported; however, 
the mitochondrial genome (mitogenome) is still unexplored.

Results:  We characterized the A. truncatum mitogenome, which was assembled using reads from PacBio and Illumina 
sequencing platforms, performed a comparative analysis against different species of Acer. The circular mitogenome of 
A. truncatum has a length of 791,052 bp, with a base composition of 27.11% A, 27.21% T, 22.79% G, and 22.89% C. The 
A. truncatum mitogenome contains 62 genes, including 35 protein-coding genes, 23 tRNA genes and 4 rRNA genes. 
We also examined codon usage, sequence repeats, RNA editing and selective pressure in the A. truncatum mitog-
enome. To determine the evolutionary and taxonomic status of A. truncatum, we conducted a phylogenetic analysis 
based on the mitogenomes of A. truncatum and 25 other taxa. In addition, the gene migration from chloroplast and 
nuclear genomes to the mitogenome were analyzed. Finally, we developed a novel NAD1 intron indel marker for 
distinguishing several Acer species.

Conclusions:  In this study, we assembled and annotated the mitogenome of A. truncatum, a woody oil-tree species 
producing nervonic acid. The results of our analyses provide comprehensive information on the A. truncatum mitog-
enome, which would facilitate evolutionary research and molecular barcoding in Acer.
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Background
Acer truncatum Bunge (Sapindaceae) is a versatile, oil-
producing woody tree widely distributed mainly in 
northern China, Japan and Korea [1, 2]. This tree species 

is a potential source of medicinal compounds, includ-
ing flavonoids, alkaloids, tannins, and terpenoids [3]. 
Moreover, A. truncatum seed oil contains approximately 
90% unsaturated fatty acids and was listed as a new food 
resource by the Ministry of Health of the People’s Repub-
lic of China in 2011 [2]. Nervonic acid (24:15, cis-15-tet-
racosenoic acid, n-9) accounts for 5–6% of seed oil [2, 4]. 
It is a key component of brain nerve cells as well as tis-
sues promoting the repair and regeneration of nerve cells 
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and damaged tissues. Previous studies have indicated 
that nervonic acid is potentially useful for treatment of 
schizophrenia, psychosis, and attention deficit disorder 
[5, 6]. It has been detected in several plant species [2, 7, 
8], but issues related to their nervonic acid content and 
growth adaptability have limited the utility of these spe-
cies. The characteristics of rapid growth, wide geographic 
distribution, and high adaptability, thus A. truncatum is a 
novel potential plant source of nervonic acid for treating 
human cerebral and neurological problems.

The main function of mitochondria, the “energy fac-
tories” of cells, is the conversion of biomass energy into 
chemical energy in living cells [9, 10]. In most seed plants, 
nuclear hereditary information is inherited biparentally, 
whereas DNA of both mitochondria and chloroplasts is 
maternally derived [9, 10]. In addition, recent researches 
have revealed that intergenomic gene transfer between 
nuclear and organellar genomes, which was a common 
phenomenon during plant evolution [11–13]. Along with 
rapid developments in sequencing and genome assembly 
technologies, an increasing amount of information on 
mitogenomes has been uncovered. At present, 6026 com-
plete land plant organelle genomes, including 5735 chlo-
roplast and 291 plant mitogenomes have been assembled 
and deposited in GenBank Organelle Genome Resources 
(https://​www.​ncbi.​nlm.​nih.​gov/​genome/​browse/), as the 
mitochondrial genome is more complex and harder to 
assemble than that of other organelles [9, 14].

Plant mitogenomes are species specific [15, 16] and 
vary considerably in length, gene order, and gene content 
[9, 10, 14, 17]. Genome size is extremely variable, rang-
ing from 66 kb (Viscum scurruloideum) [18] to 11.3 Mb 
(Silene conica) [19], and most genomes are 200–800 kb 
in size [20]. This wide variation in mitogenome size can 
be attributed to the repetitive sequences and the foreign 
DNA from other organisms during evolution [21, 22]. 
Repetitive sequences, including simple sequence repeats 
(SSRs), tandem repeats and dispersed repeats, are abun-
dant in the mitogenomes of seed plants. SSRs are fre-
quently used as molecular markers for identifying species 
in plant mitogenomes [14, 23]. In addition, insertions/
deletions (indels) and single nucleotide polymorphisms 
(SNPs) within mitogenomes also have been applied to 
rapidly distinguish species and for phylogenetic analyses 
[24, 25].

The mitochondrial gene content of land plants varies 
considerably, ranging from 32 to 67 genes. Some genes, 
including those related to NADH dehydrogenase, ATP 
synthase, ubiquinol cytochrome, and cytochrome c bio-
genesis [14], are highly conserved, whereas others, such 
as sdh3, sdh4, rps11, and cox2 have been lost [26, 27].

Mitogenomes in the genus Acer, except for the mitog-
enome sequence of A. yangbiense released in 2019, have 

not been analyzed in detail [28]. In this study, we first 
assembled the complete mitogenome of A. truncatum 
and analyzed its gene content, repetitive sequences, RNA 
editing sites, selective pressure, and phylogenetic rela-
tionships. We also surveyed gene transfer among nuclear, 
chloroplast, and mitochondrial genomes of A. trunca-
tum. Moreover, we developed a marker based on an indel 
in the NAD1 intron to distinguish seven Acer species 
(A. buergerianum, A. truncatum, A. henryi, A. negundo, 
A. ginnala, A. yangbiense and A. tonkinense). The data 
presented herein expand genetic information available 
for the genus Acer and provide an opportunity to con-
duct further important genomic breeding studies on A. 
truncatum.

Results
Features of the A. truncatum mitogenome
The A. truncatum genome sequence generated was sub-
mitted to the GenBank database (accession number 
MZ318049) in this study. The complete mitogenome of 
A. truncatum is 791,052 bp in length and has the typi-
cal circular structure of land plant genomes (Fig. 1). The 
nucleotide composition of the complete mitogenome is 
27.11% A, 27.21% T, 22.79% G, and 22.89% C, with a GC 
content of 45.68% (Table 1). Protein-coding genes (PCGs) 
and cis introns account for 4.31 and 2.94% of the whole 
mitogenome, while tRNA and rRNA genes comprise only 
0.22 and 0.67%, respectively. A total of 62 unique genes, 
including 35 protein-coding, 23 tRNA, and 4 rRNA 
genes, were identified in the A. truncatum mitogenome 
(Table  2). Interestingly, two copies of cox1 genes were 
found. Additionally, five tRNA and one rRNA gene(s) 
located in repeat sequences were found to be present in 
two or four copies (trnN-GTT​, trnM-CAT​, trnP-TGG​, 
trnH-GTG​, trnW-CCA​, and rrn5) (Fig. 1).

Codon usage analysis of PCGs
The total length of PCGs in A. truncatum was 34,059 bp. 
Most PCGs had the typical ATG start codon, whereas 
atp6, nad1, and nad4L had ACG as the start codon—
presumably a consequence of C-to-U RNA editing of the 
second site (Table  2). Three types of stop codons were 
identified, namely, TAA, TGA, and TAG, the C to U RNA 
editing phenomenon was not found in the stop codons. 
As shown in Fig. 2, the codon usage analysis revealed the 
most frequent amino acids to be leucine (Leu) (11.2–
11.3%), serine (Ser) (10.6–11.0%), and arginase (Arg) 
(8.1–8.4%), whereas cysteine (Cys) and tryptophan (Trp) 
were rarely found.

We also analyzed the relative synonymous codon 
usage (RSCU) of 35 PCGs in the A. truncatum mitog-
enome. As shown in Fig.  3, the 35 PCGs comprised 

https://www.ncbi.nlm.nih.gov/genome/browse/
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33,948 bp encoding 11,316 codons excluding termina-
tion codons. We found that nearly all of the RSCU val-
ues of NNT and NNA codons were higher than 1.0 with 
the exception of Ile (AUA, 0.82), Leu (CUA, 0.93), and 
Ser (UCA, 0.97). Codon usage was generally strongly 
biased toward A or T(U) at the third codon position in 
the A. truncatum mitogenome, which is very common 
in mitogenomes of land plant species.

Analysis of synonymous and nonsynonymous substitution 
rates
In genetics, the nonsynonymous-to-synonymous sub-
stitution ratio (Ka/Ks) is used to understand the evolu-
tionary dynamics of genes. In this study, the Ka/Ks ratio 
was determined for 26 protein-coding genes common to 
A. truncatum, A. yangbiense, A. thaliana and C. sinensis 
mitogenomes (Fig. 4). The PCGs shared between A. trun-
catum and A. yangbiense were close homologs, as the Ka/
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Fig. 1  Circular map of the A. truncatum mitogenome. Genes shown on the outside and inside of the circle are transcribed clockwise and 
counterclockwise, respectively. The dark gray region in the inner circle depicts GC content. Asterisks besides genes denote intron-containing genes
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Ks ratio of 21 PCGs was 0. In addition, nearly all Ka/Ks 
ratios were less than 1.0, which suggested that most of the 
PCGs were subject to stabilizing selection during evolu-
tion. Conversely, the Ka/Ks ratios of nine genes (atp6, 
cob, cox1, nad2, ccmFn, nad4, nad6, nad7 and rpl5) were 
greater than 1.0, which indicateed these genes had been 
under positive selection during evolution. Finally, three 
genes (atp4, ccmB and rps4) had Ka/Ks ratios close to 1, 
thus suggested that they had experienced neutral evolu-
tion since the divergence of their common ancestor.

Prediction of RNA editing sites in PCGs
In plants, RNA editing is necessary for gene expression, 
with cytidine (C)-to-uridine (U) RNA editing enriched 
in mitochondrial and chloroplast genomes. In this study, 
we predicted the RNA editing sites of 26 PCGs common 
to mitogenomes of four angiosperm species. The number 
of RNA editing sites predicted for A. truncatum, A. yang-
biense, A. thaliana, and C. sinensis—421, 427, 342 and 
288, respectively—suggests that these sites are extremely 
conserved in PCGs in Acer. A total of 421 RNA editing 
sites were predicted in A. truncatum, all exhibiting C-to-
U RNA editing. Among the 421 sites, 32.07 and 67.93% 
were predicted at the first and the second positions of 
codons, respectively, whereas none were found at the 
third position (Fig. 5).

RNA editing can change PCG initiation and termina-
tion codons. As shown in Table 2, atp6, nad1 and nad4L 
genes use ACG as their initiation codons, we infer that 
they may have been altered by RNA editing. The num-
ber of RNA editing sites in different genes was found to 
vary greatly, with the largest predicted numbers detected 
in cytochrome c biogenesis (ccmB, ccmC, ccmFn, and 
ccmFc), Complex I (NADH dehydrogenase) and nad4 
genes. In contrast, no RNA editing sites were found in 
atp9 and nad3 genes in A. truncatum and A. yangbiense.

Analysis of repeats in the A. truncatum mitogenome
An analysis of repeats in the A. truncatum mitogenome 
revealed 503 long repeats (> 30 bp), namely, 287 forward 

(57.05%), 179 palindromic (35.59%), 33 reverse (6.60%) 
and 1 complementary (0.20%) repeats (Fig. 6A). The total 
length of the long repeats was 144,318 bp, which cor-
responded to 18.24% of the mitogenome. Most repeats 
were 35–50 bp long (254 repeats, 50.29%), whereas 24 
were longer than 1 kb, the largest was 28,452 bp (Fig. 6B 
and Table S1). In A. truncatum mitogenome, we found 
that five pair of large repeats (> 1 kb) by rearrangements 
could produce two subgenomic circles, which compris-
ing of 457,840 bp and 333,212 bp, mediated by the pair-
wise large repeats R3a and R3b (Table S2 and Fig.S1). 
We also identified repeats in the A. yangbiense mitog-
enome to further characterize repeats in Acer species. A 
total of 500 long repeats were found, including 271 for-
ward (54.20%), 88 palindromic (17.60%), and 141 reverse 
(28.20%) repeats. No complementary repeats were iden-
tified. The total length constituted by long repeats was 
138,024 bp, which accounted for 17.18% of the A. yang-
biense mitogenome (803, 281 bp) (Fig. S2A and B). Most 
repeats were 41–60 bp long (288 repeats, 57.60%), the 
longest repeat was 27,124 bp (Table S3).

SSRs, which are tandem repeated sequences with 
motifs of one to six bases, are useful molecular mark-
ers for studying genetic diversity and identifying species 
[14, 23]. In this study, a total of 717 SSRs were detected 
in the A. truncatum mitogenome, including 226 (31.52%) 
mono-, 355 (49.51%) di-, 49 (6.83%) tri-, 67 (9.34%) 
tetra-, 18 (2.51%) penta-, and 2 (0.28%) hexanucleo-
tide repeats (Table  3). Among the 717 SSRs, more than 
81% were mono- and di-repeats. Further analysis of SSR 
repeat units indicated that 85.40% of monomers had 
A/T contents, and 45.07% of dinucleotide repeats were 
AT/TA. The higher AT content of SSRs contributed to 
the AT richness (54.32%) of the complete A. truncatum 
mitogenome.

Phylogenetic analysis
To determine the phylogenetic position of A. truncatum, 
we downloaded 25 plant mitogenomes from GenBank 
(https://​www.​ncbi.​nlm.​nih.​gov/​genome/​browse/) (Table 

Table 1  Genomic features of the A. truncatum mitogenome

Feature A(%) C(%) G(%) T(%) GC(%) Size (bp) Proportion 
in Genome 
(%)

Whole genome 27.11 22.89 22.79 27.21 45.68 791, 052 100

Protein-coding genes 26.12 31.1 21.52 21.25 52.62 34, 059 4.31

cis-spliced introns 23.59 26.56 26.56 24.76 53.11 23, 222 2.94

tRNA genes 24.59 26.27 24.77 24.36 51.04 1728 0.22

rRNA genes 23.37 26.34 25.74 24.55 52.08 5280 0.67

Non-coding regions 27.30 22.36 22.36 27.60 44.71 72, 6763 91.87

https://www.ncbi.nlm.nih.gov/genome/browse/
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Table 2  Gene profile and organization of the A. truncatum mitogenome

Note: Numbers after gene names are the number of copies. The superscripts a and b indicate genes containing introns and chloroplast-derived genes, respectively

Group of genes Gene name Length Start codon Stop codon Amino acids

ATP synthase atp1 1530 ATG​ TGA​ 509

atp4 597 ATG​ TAG​ 198

atp6 774 ACG​ TAA​ 257

atp8 480 ATG​ TAA​ 159

atp9 225 ATG​ TGA​ 74

NADH dehydrogenase nad1a 978 ACG​ TAA​ 325

nad2a 1467 ATG​ TAA​ 488

nad3 357 ATG​ TAA​ 118

nad4a 1488 ATG​ TGA​ 495

nad4L 303 ACT​ TAA​ 100

nad5 2004 ATG​ TAA​ 667

nad6 618 ATG​ TAA​ 205

nad7a 1185 ATG​ TAG​ 394

nad9 573 ATG​ TAA​ 190

Cytochrome c biogenesis ccmB 621 ATG​ TGA​ 206

ccmC 753 ATG​ TGA​ 250

ccmFca 1365 ATG​ TAG​ 454

ccmFn 1734 ATG​ TGA​ 577

Maturases matR 1962 ATG​ TAG​ 653

Ubichinol cytochrome c reductase cob 1182 ATG​ TGA​ 393

Cytochrome c oxidase cox1(2) 1584 ATG​ TAA​ 527

cox2 795 ATG​ TGA​ 264

cox3 798 ATG​ TGA​ 265

Transport membrane protein mttB 792 ATA​ TAG​ 264

Ribosomal proteins (LSU) rpl5 555 ATG​ TAA​ 184

rpl16 516 ATG​ TAA​ 171

Ribosomal proteins (SSU) rps3a 1686 ATG​ TAA​ 561

rps4 1077 ATG​ TAA​ 358

rps10a 330 ATG​ TAA​ 109

rps12 378 ATG​ TGA​ 125

rps13 294 ATG​ TGA​ 97

rps14 255 ATG​ TGA​ 84

Succinate dehydrogenase sdh3 327 ATG​ TGA​ 108

sdh4 480 ATG​ TAA​ 159

Transfer RNAs trnY-GTA​ 83 _ _ _

trnN-GTT​b(2) 72 _ _ _

trnC-GCA​ 71 _ _ _

trnM-CAT(4) 73/74/74/77 _ _ _

trnK-TTT​ 73 _ _ _

trnS-GCT​ 88 _ _ _

trnF-GAA​ 74 _ _ _

trnP-TGG​b(2) 74/75 _ _ _

trnE-TTC​ 72 _ _ _

trnW-CCA​b(2) 73/74 _ _ _

trnS-TGA​ 87 _ _ _

trnD-GTC​b 74 _ _ _

trnQ-TTG​ 72 _ _ _

trnG-GCC​ 72 _ _ _

trnH-GTG​b(2) 74/74 _ _ _

trnH-ATG​ 76 _ _ _

Ribosomal RNAs rrn5(2) 119/120 _ _ _

rrn18 1939 _ _ _

rrn26 3102 _ _ _
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S4) and constructed a phylogenetic tree based on a set 
of 25 conserved single-copy orthologous genes present 
in all 26 analyzed mitogenomes. As shown in Fig.  7, 21 
of 23 nodes in the generated tree had bootstrap support 
values over 70%, including 12 nodes with 100% support. 
The phylogenetic tree strongly supports (100% bootstrap 
support) the close phylogenetic relationship between A. 
truncatum and A. yangbiense. In addition, it also revealed 
that both species were closely related to C. sinensis, 
which is similar to conclusions inferred using the nuclear 
genome [2]. Overall, the results of our analysis of mitog-
enomes provide a valuable foundation for future analyses 
of the phylogenetic affinities of Acer species.

Plastid‑derived and nuclear‑shared sequence transfer 
events
DNA fragment transfers among nuclear and organellar 
genomes are common events during plant evolution. Six 
directions of gene transfer are possible among the three 
types of genomes. To further understand the character-
istics of sequence transfer events in A. truncatum, the A. 
truncatum nuclear and chloroplast genomes [2, 29] were 
searched by using its mitogenome sequences as queries. 
We obtained 393 hits covering 230.0 kb of sequences of 
nuclear genome transferred into the mitogenome. Accord-
ing to the nuclear–mitochondrial alignment, hits occurred 

on every A. truncatum chromosome (Fig.  8A), however, 
the total lengths of the hits and the percent coverage on the 
chromosomes were different. Chromosome 1 had the max-
imum total length of hits (25.30 kb), which was much larger 
than on other chromosomes, whereas the highest percent 
coverage (0.05%) occurred on chromosomes 5, 6, and 13. In 
addition, fragment lengths were mainly between 200 bp and 
400 bp (Fig. 8B). A total of 62,241 bp of sequences (7.87% of 
the A. truncatum mitogenome) were found to be shared 
between nuclear and mitochondrial genomes. The shared 
sequences contained seven complete genes (trnN-GTT​
, rpl5, trnS-GCT​, trnF-GAA​, trnQ-TTG​, atp1, and trnH-
GTG​) as well as partial gene sequences of matR, ccmFN, 
cox2, rps3, rps4, atp8, sdh4, nad4 and atp6.

The A. truncatum mitogenome sequence (791,052 bp) 
was approximately five times longer than the chloro-
plast genome (156,492 bp). Forty-one fragments with a 
total length of 18,637 bp, corresponding to 2.36% of the 
mitogenome, were observed to have migrated from the 
chloroplast genome to the mitogenome in A. truncatum 
(Table  4). Six intact chloroplast genes (psbJ, trnP-UGG​, 
trnW-CCA​, trnN-GUU​, trnD-GUC​, and trnH-GUG​) were 
located on these fragments. The remaining fragments were 
partial sequences of transferred genes or intergenic spacer 
regions in the chloroplast genome. Interestingly, we found 

Fig. 2  Codon usage pattern of the A. truncatum mitogenome compared with A. yangbiense, A. thaliana, and C. sinensis. The relative percentage of 
each amino acid residue in all mitochondrial proteins is shown on the y-axis
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that the DNA migration had often occurred in the inverted 
repeat region of the A. truncatum chloroplast genome.

Development of an NAD1 intron indel marker
Among Acer species, only the mitogenome of A. yang-
biense has currently been reported. To further char-
acterize the NAD1 intron, we compared its sequence 

between A. truncatum and A. yangbiense, and 
detected a 33-bp indel. The following seven Acer spe-
cies were selected for characterization of the NAD1 
intron sequence: A. truncatum, A. buergerianum, A. 
ginnala, A. yangbiense, A. palmatum, A. pubipalma-
tum, and A. tonkinense. To develop indel markers, 
primers were designed to anneal to conserved regions 

Fig. 3  Relative synonymous codon usage (RSCU) in the A. truncatum mitogenome. Codon families are shown on the x-axis. RSCU values are the 
number of times a particular codon is observed relative to the number of times that codon would be expected for a uniform synonymous codon 
usage

Fig. 4  Ka/Ks ratios of 26 protein-coding genes in A. truncatum, A. yangbiense, A. thaliana, and C. sinensis 
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Fig. 5  The distribution of RNA editing sites in mitogenome protein-coding genes of four angiosperms

Fig. 6  Detected repeats in the A. truncatum mitogenome. A Type and proportion of detected repeats. B Frequency distribution of repeat lengths
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of the NAD1 intron (Table S5). The predicted ampli-
fication products were successfully obtained using 
these NAD1-intron-F/R primers in all seven tested 
samples (Fig.  9A). In all six species, the length of 
the amplified NAD1 intron sequence was identical 

(808 bp) and highly conserved. The corresponding 
sequence in A. yangbiense was indeed longer (841 bp) 
because of the 33-bp putative insertion (Fig.  9A and 
B). Several species close to A. truncatum in the phy-
logenetic tree (A. yangbiense, Populus tremula, Salix 
suchowensis and C. sinensis) were selected to verify 

Table 3  Frequency of identified SSR motifs in the A. truncatum mitogenome

Motif Type Number of repeats Total Proportion (%)

3 4 5 6 7 8 9 10 11 12 14 15 21

Monomer – – – – – 118 65 28 7 3 2 2 1 226 31.52

Dimer – 280 51 14 5 2 2 1 – – – – – 355 49.51

Trimer – 43 3 1 1 1 – – – – – – 49 6.83

Tetramer 59 7 1 – – – – – – – – – – 67 9.34

Pentamer 16 – – 2 – – – – – – – – – 18 2.51

Hexamer 2 – – – – – – – – – – – – 2 0.28

Total 77 330 55 17 6 120 68 29 7 3 2 2 1 717 100

Fig. 7  Maximum-likelihood phylogenetic tree based on 25 single-copy orthologous genes shared among 26 species. Numbers at nodes are 
bootstrap support values. The position of A. truncatum is indicated in bold. Triticum aestivum, Sorghum bicolor, Ginkgo biloba, and Zea mays served as 
outgroups
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whether the 33-bp sequence was an insertion or a 
deletion. According to the sequence alignment, the 
sequence was indeed an insertion (Fig. S3). In pre-
vious studies, indel markers have frequently been 
used to distinguish closely related species; however, 
Acer species have not been identified on the basis of 
their mitogenomes using this approach. Our first-
ever characterization of the NAD1 intron in Acer may 
therefore be applicable for classification and identifi-
cation of Acer species.

Discussion
Characterization of the A. truncatum mitochondrial 
genome
Mitochondria, which produce the energy required to 
carry out life processes, are the powerhouses of plants. 
Because of factors such as size variation and repeated 

sequences, plant mitogenomes are more complex than 
those of animals [9, 14, 30, 31]. The emergence of rapid, 
cost-effective genome sequencing technologies has accel-
erated understanding of mitogenomes. Our study has 
produced the first detailed characterization of a com-
plete mitogenome in Acer. The size of the A. truncatum 
mitogenome is similar to that of A. yangbiense [28], both 
of which are moderate in size relative to most genomes 
[32]. GC content is an important factor for assessing 
species. The GC content of the A. truncatum mitog-
enome is 45.68%, which is comparable to that of other 
sequenced plant mitogenomes (A. thaliana, 44.8% [33]; 
Phaseolus vulgaris, 45.11% [14]; Beta vulgaris, 43.9% [34], 
but higher than the A. truncatum chloroplast genome 
(37.90%) assembled by our research group [29]. Similar 
to most other mitogenomes, most sequences in the A. 
truncatum mitogenome are non-coding. Protein-coding 

Fig. 8  Characteristics of nuclear–mitochondrial sequences in A. truncatum. A Distributions of percent identities between shared nuclear–
mitochondrial matches. The number of matches is shown by blue boxes and is plotted on the left ordinate. The orange lines, which represent the 
coverage of matches on nuclear and mitochondrial genomes, are plotted on the right ordinate. B Distributions of lengths between shared nuclear–
mitochondrial matches
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genes account for only 4.31%, which is probably the result 
of a gradual increase in sequence duplication during evo-
lution. Most PCGs were the typical ATG start codon, and 
the distribution of amino acid compositions was similar 
to other angiosperms [28, 33]. while the atp6, nad1 and 

nad4L genes use ACG as initiation codons, this phenom-
enon also has been found in other studies, which were 
considered to be altered by RNA editing modification 
[9, 14]. The cox1 is one of the most reported mitochon-
drial genes involved in horizontal gene transfer among 

Table 4  Fragments transferred from chloroplasts to mitochondria in A. truncatum 

Alignment 
Length

Identity
%

Mismatch Gap opens CP Start CP End Mt Start Mt End Gene

1 2890 99.689 9 0 22,796 25,685 588,995 586,106 rpoC1

2 2890 99.239 21 1 22,796 25,685 762,940 760,052 rpoC1

3 2700 99.963 1 0 20,067 22,766 699,997 697,298

4 1259 97.935 7 8 99,134 100,376 576,186 574,931

5 1259 97.935 7 8 142,127 143,369 574,931 576,186

6 1259 97.935 6 9 142,127 143,369 730,678 729,424

7 1259 97.935 6 9 99,134 100,376 729,424 730,678

8 1067 90.909 55 28 65,889 66,926 449,842 450,895 psbJ

9 351 99.715 1 0 45,259 45,609 437,233 437,583 ycf3

10 349 99.713 1 0 75,224 75,572 46,646 46,994 psbB

11 224 99.107 1 1 138,184 138,407 589,548 589,326 trnI-GAU​

12 224 99.107 1 1 104,096 104,319 589,326 589,548 trnI-GAU​

13 205 93.171 12 2 66,231 66,434 362,782 362,579 psbF

14 173 94.798 9 0 68,227 68,399 451,672 451,844 trnP-UGG​

15 141 100 0 0 110,171 110,311 150,810 150,670

16 141 100 0 0 132,192 132,332 150,670 150,810

17 131 100 0 0 35,802 35,932 277,631 277,761 psbC

18 123 92.683 9 0 67,987 68,109 451,461 451,583 trnW-CCA​

19 93 100 0 0 136,588 136,680 694,605 694,513 trnA-UGC​

20 93 100 0 0 105,823 105,915 694,513 694,605 trnA-UGC​

21 98 97.959 2 0 110,389 110,486 150,666 150,569

22 98 97.959 2 0 132,017 132,114 150,569 150,666 trnN-GUU​

23 178 84.831 17 8 30,780 30,955 468,861 469,030 trnD-GUC​

24 105 96.19 3 1 109,900 110,003 533,208 533,104

25 105 96.19 3 1 132,500 132,603 533,104 533,208

26 90 98.889 1 0 151,306 151,395 452,466 452,377 ycf2

27 90 98.889 1 0 91,108 91,197 452,377 452,466 ycf2

28 83 100 0 0 59,800 59,882 72,900 72,982 accD

29 86 96.512 3 0 132,009 132,094 5982 5897 trnN-GUU​

30 86 96.512 3 0 110,409 110,494 5897 5982 trnN-GUU​

31 79 98.734 1 0 54,466 54,544 494,502 494,424 trnM-CAU​

32 75 100 0 0 154,389 154,463 77,164 77,090 trnI-CAU​

33 75 100 0 0 88,040 88,114 77,090 77,164 trnI-CAU​

34 80 97.5 2 0 7 86 577,140 577,219 trnH-GUG​

35 80 97.5 2 0 7 86 728,470 728,391 trnH-GUG​

36 72 100 0 0 101,734 101,805 206,176 206,105

37 72 100 0 0 140,698 140,769 206,105 206,176

38 77 93.506 4 1 7420 7495 131,293 131,217

39 56 100 0 0 87,421 87,476 346,975 346,920 rpl2

40 56 100 0 0 155,027 155,082 346,920 346,975 rps12(exon)

41 65 92.308 2 3 54,754 54,816 448,383 448,446 atpE

Total 18,637
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sngiosperms. In our study, two copies of cox1 genes were 
found. The previous studies reported that the cox1 cop-
ies existed in different species and different populations 
of a species [35]. Ka/Ks ratios > 1 have also been reported 
for some other mitochondrial genes [9, 14, 26]. In our 
study, the high Ka/Ks ratios of genes observed were very 
important for further studies in the gene selection and 
evolution of Acer species, including atp6, cob, cox1, nad2, 
ccmFn etc.

Identification of repeat sequences and RNA editing sites
Repeats are important sources of information for devel-
oping markers for population and evolutionary analyses 
[23, 36, 37]. Including tandem, short and large repeats, 
they are widely present in mitogenomes [14, 38, 39]. 
Repeats in mitochondrial DNA are generally vital for 
intermolecular recombination, which can generate struc-
tural variations and extreme mitogenome sizes [20, 40]. 
In this study, five pair of large repeats (> 1 kb) by rear-
rangements could produce two subgenomic circles in A. 
truncatum mitogenome, comprising of 457,840 bp and 
333,212 bp, respectively. This phenomenon also reported 
in Soybean [41]. we also found major differences between 
the repeat sequences of A. truncatum and A. yangbiense 
mitogenomes. In particular, the proportion of long repeat 
sequences in the A. truncatum mitogenome (18.24%) 
was higher than that of A. yangbiense (17.20%), and the 

longest repeats were 28,452 bp and 27,124 bp, respec-
tively. These repeats may have contributed to the increase 
in the mitogenome size of A. yangbiense. This finding also 
suggests that intermolecular recombination has frequently 
occurred in the mitogenome during Acer evolution [14, 31].

RNA editing, a post-transcriptional process that occurs 
in chloroplast and mitochondrial genomes of higher 
plants, contributes to improved protein folding [9, 14, 
26]. Previous researches had uncovered approximately 
491 RNA editing sites within 34 genes in rice [42] and 
486 RNA editing sites within 31 genes in P. vulgaris [14]. 
In the present study, we predicted RNA editing sites in 
26 PCGs common to A. truncatum, A. yangbiense, A. 
thaliana and C. sinensis mitogenomes. We found that 
the number of RNA editing sites in PCGs was extremely 
conserved in Acer but differed in the other two species. 
Although the number of RNA editing sites varies greatly 
among genes, cytochrome c biogenesis and NADH dehy-
drogenase genes harbor the largest number, which is 
similar to P. vulgaris [14]. In addition, all identified RNA 
editing sites are located at first and second codon posi-
tions. Previous researchers have speculated that the 
lack of RNA editing sites at the third codon position is 
probably due to the limitations of the PREP-Mt predic-
tive methodology used rather than an actual absence [14, 
43]. Further analysis using experimental methods is thus 
needed.

Fig. 9  Schematic diagram of the development of an NAD1 intron marker in seven Acer species. A Electrophoretic gel visualization of the amplified 
fragments. Lanes are as follows: 1, A. tonkinense; 2, A. ginnala; 3, A. pubipalmatum; 4, A. palmatum; 5, A. truncatum; 6, A. buergerianum; 7, A. yangbiense; 
M, 2000-bp ladder. B Alignment of the NAD1 intron marker sequence in MEGA 6.0. The arrow indicates the 33-bp insertion in A. yangbiense 
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DNA fragment transfer events
Information pertaining to DNA transfer events between 
different genomes (mitochondrial, nuclear and chloro-
plast) has been uncovered by sequencing analysis [21, 
44, 45]. Previous studies have determined that the most 
prominent transfer direction in angiosperms is from 
organellar genomes into the nuclear genome, followed in 
importance by transfer from nuclear and plastid genomes 
into the mitogenome [13, 21, 46–48]. The total length of 
transferred DNA varies among plant species in higher 
plants, lengths range from 50 kb (A. thaliana) to 1.1 Mb 
(O. sativa subsp. japonica) [49]. According to our study, 
230.0 kb of nuclear DNA has been transferred into the 
mitogenome of A. truncatum. Although the nuclear–
mitochondrial transfer process has occurred on every A. 
truncatum chromosome, the total lengths of transferred 
material and the percent coverage differs among chromo-
somes. In total, 62, 241 bp of sequences (7.87% of the A. 
truncatum mitogenome) is shared between nuclear and 
mitochondrial genomes. Most genes with transferred 
sequences shared between nuclear and mitochondrial 
genomes are tRNA genes, such as trnN-GTT, trnH-GTG​
, and trnH-GTG​. Chang et  al. [41] have reported simi-
lar results in soybean. In regards to chloroplast genome 
to mitogenome migration events, a total of 18,637 bp of 
transferred fragments were observed, accounting for 
2.36% of the A. truncatum mitogenome. In comparison, 
the proportion in S. suchowensis and Suaeda glauca is 2.8 
and 5.18%, respectively [31]. We identified 41 fragments 
that had been transferred from the chloroplast genome 
to the mitogenome, these fragments included six inte-
grated genes, namely, five tRNA genes and psbJ. Transfer 
of tRNA genes from chloroplast to mitochondrial DNA 
is common in angiosperms [21, 26, 31]. Interestingly, we 
also observed that DNA migration often occurred in the 
inverted repeat region of the A. truncatum chloroplast 
genome.

Development of a mitochondrial NAD1 intron marker 
for Acer species
Because indel regions are relatively easy to detect, they 
are often used to develop markers for identifying spe-
cies [50]. The genus Acer comprises more than 200 spe-
cies grown in China [2, 51]; however, the highly similar 
shapes of some species present a challenge for identi-
fication, and a molecular approach would be beneficial. 
NAD1 intron indel markers have been useful for iden-
tification of some plant species [52–54]. In Acer, only 
the mitogenome of A. yangbiense has been previously 
reported [28]. In the present study, we first identified a 
33-bp sequence difference by aligning the NAD1 intron 
regions of A. truncatum and A. yangbiense. Amplification 
of the NAD1 intron with specific primers revealed that 

a 33-bp indel was present in A. yangbiense, whereas the 
amplified NAD1 intron sequence was of the same length 
and highly conserved in the other six species. We verified 
that this 33-bp indel was an insertion in Acer by analyz-
ing several species close to A. truncatum in our phylo-
genetic tree (A. yangbiense, P. tremula, S. suchowensis, 
and C. sinensis). The development of mitogenome-based 
molecular markers has not been previously reported for 
Acer. Although only a few Acer species were used in this 
study, our findings should nonetheless contribute to spe-
cies classification in Acer.

Conclusions
In this study, we assembled and annotated the mitoge-
nome of A. truncatum and performed extensive analyses 
based on DNA and amino acid sequences of annotated 
genes. The A. truncatum mitogenome is circular, with 
a length of 791,052 bp. We annotated 62 genes, includ-
ing 35 protein-coding, 23 tRNA and 4 rRNA genes. In 
addition, the codon usage, sequence repeats, RNA edit-
ing and selective pressure were also analyzed in the A. 
truncatum mitogenome. The evolutionary status of A. 
truncatum was verified by phylogenetic analysis based 
on the mitogenomes of this species and 25 other taxa. 
Gene conservation between chloroplast and mitochon-
drial genomes and between nuclear and mitochondrial 
genomes were also detected in A. truncatum by analyz-
ing gene migration. Finally, a newly developed NAD1 
intron indel marker was used to distinguish Acer species. 
Our study has yielded extensive information about the A. 
truncatum mitogenome. The data presented herein sup-
plement the genetic knowledge available for the genus 
Acer, provide novel insights into A. truncatum evolution, 
and form an important theoretical basis for increasing A. 
truncatum seed yield.

Materials and methods
Plant materials and DNA sequencing
A. truncatum plants were grown at our Aceraceae 
seed base of Jangsu Academy of Agricultural Sciences 
(Lishui District, Nanjing, China; 31°65 N, 119°02E) 
under natural conditions. Fresh leaves were frozen 
in liquid nitrogen and stored at 80 °C. DNA extrac-
tion and sequencing were performed using methods 
described in our previous de novo genome sequencing 
study [2].

Mitogenome assembly and annotation
For the A. truncatum mitogenome, PacBio RS II reads 
(59.42 GB) sequenced in our previous study [2] were de 
novo assembled using Canu v1.4 [55]. The obtained con-
tigs were mapped to core mitochondrial genes by mini-
map2 [56], then extended. The assembled contigs were 
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polished (Pilon v1.18) with Illumina reads (75.0 GB) to 
correct read errors [57]. Finally, five large contigs were 
assembled into mitogenome, to verify the quality and 
accuracy of our assemblies, we further verified the junc-
tions by Sanger sequencing (Table S6 and Fig. S4). The 
GE-Seq tool on the MPI-MP CHLOROBOX website 
(https://​chlor​obox.​mpimp-​golm.​mpg.​de) was used for 
the mitogenome annotation, with the A. yangbiense 
mitogenome (CM017774.1) serving as a reference. Mito-
chondrial protein-coding genes were predicted using 
the MITOFY webserver [40]. All tRNA genes were con-
firmed by using tRNAscan-SE with default settings [9, 
14, 58]. ORFfinder (https://​www.​ncbi.​nlm.​nih.​gov/​orffi​
nder/) was used to analyze open reading frames longer 
than 300 bp. RSCU values and the amino acid composi-
tion of PCGs were calculated in MEGA X [59]. A circular 
mitochondrial map was drawn using Organellar Genome 
DRAW [60].

Analysis of repeat structures and SSRs
Forward, reverse, palindromic and complementary 
repeats were identified with REPuter [61]. SSRs were 
analyzed with the MISA program [62]. The motif size of 
one- to six- nucleotide SSRs was set as 8, 4, 4, 3 and 3, 
respectively.

Selective pressure analysis
We calculated the nonsynonymous (Ka) and synony-
mous (Ks) substitution rates of each PCG between A. 
truncatum and A. yangbiense, A. thaliana, and C. sin-
ensis. Orthologous gene pairs were separately aligned 
in MEGA 6.0. Ka, Ks, and Ka/Ks values were calculated 
using DnaSP [63].

Genome alignments
The A. truncatum mitogenome was searched against 
the chloroplast genome of A. truncatum (MH638284) 
using BLASTN 2.9.0+ according to the following screen-
ing criteria: matching rate ≥ 70%, E-value ≤1e− 6, and 
length ≥ 40 [31]. To identify regions of potential nuclear 
origin in the mitogenome of A. truncatum, we also per-
formed a BLASTN search (maximum E-value = 1e− 50) 
of the complete mitogenome against all contigs from the 
A. truncatum nuclear genome sequenced in our previ-
ous study. BLASTN results of sequences longer than 
250 bp and a pairwise similarity > 80% were inspected for 
sequence features.

Prediction of RNA editing sites
RNA editing sites in the PCGs of A. truncatum and other 
three mitogenomes (A. yangbiense, A. thaliana and C. 
sinensis) were predicted using the the online PREP-Mt 

suite of servers (http://​prep.​unl.​edu/). To obtain a more 
accurate prediction, the cutoff value was set as 0.2 [43]..

Phylogenetic analyses
A total of 26 complete mitogenomes (Table S4) were 
used to ascertain the phylogenetic position of A. trunca-
tum. The 25 mitochondrial PCG genes (atp1, atp4, atp6, 
atp8, atp9, ccmB, ccmC, ccmFc, ccmFn, cob, cox1, cox3, 
matR, nad1, nad2, nad3, nad4, nad4L, nad5, nad6, 
nad7, nad9, rps12, rps3, and rps4) conserved across the 
26 analyzed species were aligned in Muscle with default 
parameters [64], with the alignment then modified 
manually to eliminate gaps and missing data. Finally, 
a maximum likelihood tree was constructed in MEGA 
X using the JTT + G + I + F nucleotide substitution 
model [58]. A bootstrap consensus tree was inferred 
from 1000 bootstrap replicates. Triticum aestivum, Sor-
ghum bicolor, Ginkgo biloba, and Zea mays were used as 
outgroups.

Verification of the Nad1 insertion in Acer
Primers were designed with Primer 5. PCR amplifi-
cations were carried out in 15-μl volumes contain-
ing 20 ng genomic DNA, 0.4 μl dNTPs (2.5 mM each), 
2.5 μl of 10× Ex Taq buffer (Mg2+), 0.4 μl Ex Taq 
DNA polymerase (Takara,Tokyo, Japan), and 1.0 μl 
of each primer (10 mM). The amplification condi-
tions were 94 °C for 5 min, followed by 30 cycles of 
94 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s, with 
a final extension of 72 °C for 10 min. The PCR prod-
ucts were purified and linked to the pMD19-T easy 
plasmid (Takara) for sequencing to confirm the accu-
racy of PCR product sizes. Three samples per species 
were sequenced by the General Biology Company 
(Nanjing, Jiangsu, China).
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